INTRODUCTION
Although a few surveys of vacuum ultraviolet photochemistry of a limited scope have appeared in recent years (1) (2) (3) (4) (5) , the excellent review by McNesby & Okabe (6) which appeared in 1964 is the most recent comprehensive survey of the far (or vacuum) uv photochemistry of inorganic and organic substances. The progress made since then is obviously too vast to be covered in its entirety in the limited space allotted for this review. We therefore decided to concen trate on what we considered to be some of the more significant developments of the last 2 or 3 years. The rather spectacular increase in the number of far uv radiation studies which appeared in the literature during this period can be ascribed largely to the much wider availability of a variety of far uv sources, some of which are only recently available commercially. Most of the far uv techniques which are of interest to physicists as well as chemists have been reviewed (7, 8) . One of the most recent developments is the construction of a far uv laser emitting light near 1600 A (9).
Vacuum uv photochemical studies can essentially be separated into two categories based on the type of light source used. The first of these consists of studies in which a continuum light source is used in conjunction with a mono chromator. Such an assembly, which has the distinct advantage of being able to provide monochromatic light at essentially any wavelength, has a relatively low light flux. It is therefore rarely used to measure yields of ground state neutral fragments, but is extensively employed in the study of photo physical processes, such as absorption and photoionization phenomena (the latter with or without mass analysis), and in the measurement (usually on a relative scale) of the light emitted by electronically excited neutral species as a function of wavelength. The second category includes studies which use resonance lamps emitting one or two lines, or vacuum uv flashlamps emitting vacuum uv radiation over a range of several hundred A. These sources usually are directly connected to a reaction vessel. Such an experimental arrangement provides sufficient intensity to determine yields of neutral reactive intermediates and stable molecules, either by time-resolved spectroscopic analysis or by conventional analysis of endproducts.
The vast majority of the studies in the vacuum uv, admittedly with some notable exceptions, are on gaseous systems. Experimental difficulties and the high extinction coefficients exhibited by most molecules in the vacuum uv explain the reluctance of most investigators to extend their studies to the condensed phase.
INVESTIGATION OF ABSORPTION AND IONIZATION PROCESSES
Measurements of absorption coefficients have been carried out for many years, but important improvements have been made recently. In particular, techniques are now available (8, 10) which allow absorption measurements much farther into the far uv-down to 10.0 nm-and, more important, higher intensity continuum light sources used in conjunction with a monochromator now permit the measurement of absorption spectra with much higher resolu tion (0.25-0.5 A) (11) than ever before. These improvements have been ex ploited most effectively in obtaining more detailed spectra of simple inorganic molecules (10) (11) (12) , especially those of aeronomic interest. High resolution is particularly important for making precise measurements in regions where there are molecular bands or atomic lines. Much of the recent work in this area has been discussed in a symposium (13) on Laboratory Measurements of Aeronomic Interest. Of course, in this high energy region, it is also of interest to know cross sections for ionization (Le. ionization quantum yields or ioniza tion efficiencies). For a discussion of the recent absorption and ionization co efficient measurements for simple inorganic molecules, an excellent review (12) is available. More recently, absolute photoionization cross sections have been measured (14) for 02 (1..19) ; this is the fi rst such measurement for an electronic ally excited species. This species was also the fi rst transient studied by the technique of vacuum uv photoelectron spectroscopy (15) .
There has been less interest in exploiting high resolution spectroscopy to obtain more detailed information about absorption and photoionization of organic molecules. However, it has recently been seen that the spectra of alkanes, which were long thought to be continuous, show vibrational and rotational structure (16) (17) (18) . Thus, for the fi rst time, data is becoming available which will allow an interpretation of the photophysical processes which occur in alkanes; however, as yet, there is no general agreement on the interpretation of these spectra. Raymonda & Simpson (16) have suggested that the major features of alkane spectra can be interpreted in terms of excitation in the C-C bonds and that transitions due to excitations in C-H bonds will occur at energies above 9.98 eV, while transitions in C-C bonds will predominate at lower energies. This theory rests on the fundamental assumption (derived from a comparison of the methane and ethane spectra) that the first major absorp tion band in the ethane spectrum is due to a u-u * transition of the C-C bond electrons, polarized along the C-C bond axis. However, other investigators (17, 18) interpret this absorption band as arising from a promotion of an electron from a C-H bond, and indicate that the transition moment is perAnnu. Rev pendicular to the C-C bond (18) . It has also been pointed out (17, 19) that although the assumption that electrons are localized in one given C-C or C-H bond in ground state alkanes is approximately valid, the excitation and the excited states of these molecules can actually be described only in terms of delocalized orbitals. Measurements of ionization quantum yields of organic molecules have been sparse. The only recent detailed measurements of ionization and absorp tion cross sections have been made by Person & Nicole (20, 21) for a series of deuterated and nondeuterated hydrocarbons in the energy range 9.6 to 11.8 eV. Except for the earlier measurements by Schoen (22) and by Metzger & Cook (23) , the only information on ionization quantum yields at higher energies consists of a few measurements (24) made at the neon (74.4 and 73.6 nm) resonance lines; these values indicate that most organic compounds have ionization quantum yields close to unity at these high energies.
Although work on the measurement of ionization quantum yields of organic compounds has been limited, a lot of effort has been expended on investigating the photoionization process. In photo ionization mass spectrom etry, for instance, relative efficiencies of ionization are measured as a function of wavelength; in addition to yielding explicit information about the energies of onset of ionization and the various fragmentation processes, information about the mode of ionization-direct or autoionization-can be derived from the shapes of the relative ionization efficiency curves. It has also been suggested (25) that if ionization is direct, the first derivative of the relative ionization efficiency curve should show the energy distribution of the parent ion and thus should be related to the energy spectrum of the electrons ejected in the photoionization process (photoelectron spectrum), as well as (after proper normalization) to the theoretical breakdown curve of the ion. However, as pointed out by Person & Nicole (21) , no theoretical reason has been given for expecting this kind of relationship to be valid over any extensive energy range even a range as small as 1 eV-and any agreement seen is not necessarily the result of a predominant direct ionization mechanism.
Whenever ionization can be said to be in competition with fragmentation of the superexcited molecule (which should be slower for heavier molecules), one would expect to observe an isotope effect in the ionization quantum yields; Person & Nicole (20, 21) have made a detailed examination of such isotope effects for the purpose of examining the ionization mechanism. They conclude (20) that the experimentally observed isotope effects can serve as an estimate of the importance of autoionization processes, although they point out that other effects may also produce isotope effects. Johnson & Rice (26) have proposed a model for dissociation of superexcited molecules in which the isotope effect results from smaller Franck-Condon factors at the potential surface crossings for the heavier isotopic species. The simple competitive scheme predicts an upper limit for the isotope effect in the ionization quantum yields of v2, whereas the Johnson-Rice model imposes no such limit; all of the experimental isotope effects reported thus far have been within the range Annu. Rev. Phys. Chem. 1971.22:85-107. Downloaded from www.annualreviews.org by University of California -Irvine on 11/15/11. For personal use only.
predicted by the simple competitive scheme, except for an ion-pair formation process (27) in methyl chloride (CH3Cl � CH 3 + + CI-). In photoelectron spectroscopy (28, 29) , autoionization processes are not normally detectable, but the observation of the energy spectrum of the elec trons ejected upon absorption of high energy photons (usually the 58.4 nm helium resonance line) allows the measurement of the various ionization potentials of a molecule (that is, energies of ionization from various different orbitals) as well as the vibrational levels of the resulting ions. Autoionization processes have been studied (30) by a photoelectron spectroscopy technique using varying photon energies.
Recent studies have compared photoionization processes with ionization produced by collisions with excited atoms at analogous or similar energies. In one study (31) the ionization efficiency of molecules ionized by absorption of 106.7-104.8 nm photons was compared with the efficiency of ionization pro duced by collision with 3P1 or IP1 argon atoms; it was deduced from the results that the efficiency of ionization was the same in both cases. This led to the conclusion that ionization by transfer of resonance energy through collision is entirely equivalent to photoionization. Another investigation (32) measured the energy spectra of electrons released in photoionization with 58.4 nm photons and by Penning ionization with He(21S, 2 3 S) atoms. Small but real differences were observed in the populations of different electronic states of the molecular ions formed and in the vibrational structures of the ions.
PRIMARY DECOMPOSITION PROCESSES
In the far uv, because of the high energy of the photons, primary poly atomic fragments will often contain enough excess energy, especially in the vibrational modes, that they will undergo further dissociation within a very short time unless the excess energy is removed by collision (or in the case of excess electronic energy, by emission of a photon). Thus, a sequence of two decompositions may sometimes appear to be a single process consisting of a decomposition into three fragments. Although such processes may occasionally occur, we would be inclined to believe that, unless proven otherwise, most "primary" dissociations into three fragments actually consist of two sequential decomposition processes. The point is not entirely academic, since any theo retical attempt to describe the modes of decomposition of an excited molecule must necessarily be concerned only with the actual primary decomposition; the secondary decomposition is a separate event which should not come into consideration, except insofar as it may provide information about the distri bution of energy between the primary fragments. 
and probably also the O(lS) atom formed at wavelengths shorter than 120.0 nm (42, 43) [quantum yield (44) 
do not react with CO 2 to produce CO as a product. The nonoccurrence of the
3.
has been demonstrated in isotopic labeling experiments (45) , and was confirmed recently (46) by following the resonant scattering of the CO 4 + bands in CO2 at 147.0 nm. Although values as low as 2 x 10-1 3 cm 3 molecule-1 sec-1 have been re ported (47, 48) for the removal of 0(' D) by CO 2 , a value of about 10-10 is in agreement with most of the experimental facts (49) (50) (51) (52) . In a closed vessel at 147.0 nm, one O(3P) species is eventually formed for each 0(1 D) atom (53). However, there is still considerable uncertainty about the lifetime of the C03* species which initially results from a collision between 0(1 D) and CO2. The infrared spectrum of C03 trapped in a matrix has been reported by various investigators (54-57) and the structure (planar, triangular, C2v, geometry) has been discussed (58) (59) (60) . [The suggestion that the infrared spectrum is due to HC03 can definitely be discarded (61) . ] Indirect evidence for the formation of C03 in liquid SF6 has also been reported (62) . In the gas phase, C03 may be short lived; measurement of the quantum yield of disappearance of 03 in the photolysis of 03-02-C02-He mixtures leads to an estimate (63) that the lifetime is 10-11 to 10-1 2 sec (assuming a deactivation efficiency for helium atoms of 10-1 to 10-2). On the other hand, when a stream of CO2 (1 torr, 147.0 nm) was photolyzed (56) and then impinged on a target cooled to 77°K, the spectrum of condensed C03 was observed. By measuring the optical den sity as a function of the distance between the site of photolysis and the target, a lifetime of 10-2 sec was assigned to C03• Because C03 is definitely formed in the photolysis of CO 2 under certain conditions, one must regard the OCSP) atoms as coming from the dissociation of C03*, and not simply as a result of a physical quenching of Ocr D). On the other hand, if we accept that the lifetime of the C03 species is at most 10 -:l sec, earlier attempts to detect C03 among the neutral products of photolysis at the end of an experiment were understandably fruitless (61) . The question remains as to whether reactions of C03 contribute to the overaIl reaction mechanism observed in the photolysis of CO2• For example, it has been suggested (64) that the reaction:
could account for the low level of CO observed in the atmospheres of Venus and Mars. Since C03 is a short-lived species, it is unlikely that this reaction could have much importance except in the presence of a high concentration of CO. In fact, by photolyzing CO2 in the presence of CO, and following the effect on the production of Oep), it has been demonstrated (53) that if it occurs, the probability of this reaction is very low. Several studies have considered the balance of the O2 and CO products formed in the photolysis of CO2 in closed vessels. The earlier contention that the formation of stable C03 molecules accounted for the insufficient yield of O2 can now be rejected on the basis of the more recent information discussed above. The most likely cause of the low O2 yield is the absorption of 0( 3 P) on the wall of the reaction vessel (65) .
Carbon dioxide has also been investigated at shorter wavelengths with special emphasis on the emission of the CO2 + A 27Tu ->-X 27Tg and B 2Eu + --> X 2 7Tg bands, which were observed during the flights of Mariners VI and VII past Mars. The possible formation of these bands by photon absorption (66) and the fluorescence yield produced by photoionization of CO2 with the helium resonance line (58.4 nm) in an enclosed reaction vessel (67) have been discussed.
Carbon suboxide.-In the photolysis of carbon suboxide at wavelengths above 200 nm, C20 formed in the primary process:
is known to be the major reactive intermediate. The role of this intermediate has been discussed in several recent studies carried out at higher photon energies, where there is some uncertainty about the lifetime of this species. Braun et al (68) studied the vacuum uv flash photolysis of C302 in argon and concluded that the maximum amount of C20 present 10 fJ-sec after the flash was 25% of the C302 decomposed. This would indicate that under these conditions, the majority of the C20 species dissociate within 10-5 sec. Absorp tion measurements (68) indicate that the C20* dissociates in two ways: The major reactant species observed were C(3P), C(, D), and C(lS), of which the first two could definitely be ascribed to a unimolecular fragmentation mechanism.
On the other hand, in the photolysis of C302 in the presence of H2, CH4, and CH3F, the formation of products from reactions of electronically excited C20 species has been considered (69-71). In two of these studies (70, 71) the experimental observations seem to favor the interpretation that excited C20 species, rather than C atoms, are the major reactants. Because in these studies the pressure of the reactant gas is a few orders of magnitude higher than that in the spectroscopic study, there is no contradiction as long as one ascribes to C20* species a lifetime longer than 10-8-10-9 sec and shorter than 10-5 sec.
However, in the absence of corroborative absorption measurements, it can not be considered as decisively proven that the C20 species formed at these high energies do not undergo dissociation at subatmospheric pressures.
Nitrous oxide.-In a series of papers Young et al (44, (72) (73) (74) ) explored the photolysis of N20 at 147.0 and 123.6 nrn. At 147.0 nrn (73) quantum yields could be ascribed to the following primary processes:
At 123.6 nm the following primary process is shown to occur (74): 9.
10.
11.
12.
In addition, OeS) atoms, which are readily detected by the observation of the 557.7 nm emission corresponding to the OeS) -+ 0(1 D) transition, have also been reported (75) (76) by other investigators.
Relatively few determinations of the quantum yields of the endproducts formed in the far uv photolysis of N20 have been carried out in recent years (77) (78) (79) , although a frequently used actinometer involves a measurement of the yield of the N2 product. It seems to be rather well established that «P(N2) = (81) the quantum yield may diminish with an increase in pressure and would actually be negligible at infi nite pressure. They suggested that process 13 occurs via the predissociative C lEI state of H20, to which they ascribe a lifetime of 2 x 10-8 sec.
Welge et al (82) reinvestigated the nonequiIibrium rotational distribution of OH(A 2 1;' +) formed in the 123.6 nm photolysis of H20:
14.
By simultaneously monitoring the effect of Ar and N2 on the steady state rotational populations of the v ' = 0 and v' = 1 vibrational levels, they were able to show the transfer of rotational level K' = 20 in the v ' = 0 state to the (81) have attempted to estimate the kinetic energy of the H atoms formed in the predominant primary process in the photolysis of H20 at 184.9, 147.0, and 123.6 nm:
15.
by measuring the yield of HD formed in the photolysis of D20 in the presence of H2. It is postulated that the energy in excess of that required to break the OH bond in process 15 is nearly entirely taken up as translational energy by the H atom.
Hydrogen peroxide.-The far uv photolysis of H202 has been investigated by Stief & DeCarlo (83) . While at 147.0 nm the dissociation process: 16. accounts for the experimental observations, two additional processes occur at 123.6 nm:
H202 -+ H2 + O2 (and/or 20) 17.
18.
with quantum yields of approximately 0.25. Molecular elimination of H2 has also been reported (84) to occur in the 147.0 nm photolysis of N2H4• Other inorganic compounds.-Okabe and coIleagues have extended their studies on various inorganic molecules [NCN3 (85) , NOCl (86) , N02 (86) , HN3 (87) , HCN (88) , C2N2 (89) , HNCO (90) , COCl2 (91) ] in which absorption spectra are related to the efficiency of emission from excited primary fragments over a wide wavelength region. Although no quantum yields are determined in these studies, valuable information is obtained concerning the nature of the Annu. Rev. Phys. Chem. 1971.22:85-107. Downloaded from www.annualreviews.org by University of California -Irvine on 11/15/11. For personal use only.
primary photochemical process in the vacuum uv. A few examples can be cited. In the photolysis of HNCO (90) the observation of NCO(A 2};) which is highly excited in bending vibration indicates that the upper state of the HNCO taking part in the predissociative primary process:
has a bent NCO configuration. In a study of various cyanides (88, 89) it is seen that for the cyanogen halides, 20/0 of the energy in excess of that required for the occurrence of process:
shows up as vibrational energy in the CN fragment, and no more than 10-20/0 of it is seen as rotational excitation of this fragment. The remaining energy is apparently distributed as kinetic energy between the two fragments formed in process 20.
By following the emission efficiency of NH( C 1?T) as a function of wave length and relating this to the absorption measurements of the parent molecule HN3, it was suggested (87) that below 145.0 nm NH(C 1?T) is formed from pre dissociation and above this wavelength from direct dissociation of HN3• Along the same lines, Beyer & Welge (92) have recently reported a signifi cant study on O2 and N2, in which thc onsets of the various dissociative proc esses producing electronically excited 0 and N atoms were followed from 100.0 to 50.0 nm. That is well in the region where ionization occurs. They were also able to obtain approximate quantum yields for the processes:
22.
These results, combined with the photoionization cross-section measurements reported by Matsunaga & Watanabe (93) , show that at a wavelength of 76.0 nm 50/0 of the O2 is ionized and approximately 20/0 dissociates through process 21.
The studies of Okabe and collaborators have also provided specific infor mation about the excited states from which particular dissociation processes occur. For example, when the fluorescence from the excited Cb* species formed in the reaction : 23. is plotted against the incident light wavelength (91) vibrational structure corre sponding to vibrational modes in the parent COCl2 molecule is observed. From the observed structure it was concluded that process 23 occurs from a pre dissociative state having a lifetime of 10-12 sec or longer. Similarly, from the structure in the emission curve from the CN fragment formed in the process:
it was concluded (85) 
ORGANIC COMPOUNDS
Hydrocarbons.-In contrast with the inorganic compounds discussed above, most of the information on primary processes obtained in the organic com pounds is based on endproduct analysis rather than spectroscopic: techniques.
In those instances where absorption spectroscopic (1, 2) and ESR techniques (94) have been used, only a fraction of the radicals and stable molecules are observed, and reliable quantum yields of these fragments are not available. Unlike near uv photolysis, it is likely that in the photolysis in the far uv the quantum yield of decomposition is generally very close to unity in the gas and liquid phases except for aromatic compounds. However, it has recently been shown (95, 96) that the far uv irradiation of saturated hydrocarbons in the liquid phase does lead to fluorescence, although with a very low quantum yield. The process which competes with fl uorescence in this case is, however, dissociation rather than a radiationless transition; this has been demonstrated in the case of n-pentane, where the quantum yield of decomposition has been shown to be 1 (97) and the quantum yield of fluorescence is 6 x lO-5.
In the gas phase, the problem of assigning quantum yields to primary proc esses is often complicated by the occurrence of secondary decompositions of the internally excited fragments. For instance, in the photolysis of C3HB, CH3 and H are produced, but it is not known if CH3 results from the primary decomposition: 25. or from the secondary decomposition of n-C3H7 radicals formed in the primary process:
26.
or both. At high photon energies such secondary decomposition processes can only be completely quenched by raising the pressure well above 1 atm. In the liquid (97) or solid phase (2), secondary decomposition would not be important.
However, geminate disproportionation and combination appear as new, al though not insurmountable, complications in the interpretation. Also, an increase in density over such a wide range may result in deactivation of the excited molecules to lower states and would thus not necessarily yield infor mation which can be readily extrapolated to the gas phase.
A number of studies (98-100) have appeared on the photolysis of CH4, and the photochemistry of CH4 in the atmosphere of Jupiter has been discussed (101, 102) in the light of these recent laboratory studies. Methane is also the first molecule whose photochemistry has been examined at 58.4 nm (21.2 eV) in a static system (103, 104) . At this wavelength, however, the photoionization quantum yield is 0. 95 Although considerable progress has been made towards our understanding of the kinetics of the various reactive intermediates (lOS, 106) (especially CH2), which are produced in the primary or secondary decompositions, it must be admitted that the relative probability of the two plausible primary processes:
27.
28.
remains in doubt. Accepting the value of 0.52 (98) for the quantum yield of molecular hydrogen [taking <P(CO) in CO2 as 1.0] we have, however, an upper limit for the quantum yield of process 28 of 0.52. If the CH, which is known to be present in the photolysis of CH4 (2), results from the decomposition of CH3 to give CH + H2, this estimate may have to be revised downwards to approximately 0.42. In the xenon-sensitized photolysis of CH4, process 27 seems to be relatively more important than in the direct photolysis at this energy (100).
There have been several attempts to predict the modes of dissociation of excited methane from a consideration of the nature of the excited states. Several years ago, Peters (107) considered the molecular orbitals of the excited states from which the two possible primary processes 27 and 28 might occur and gave a descriptive, if qualitative, picture of these processes, based on the assumption that each dissociation occurs from a single well-defined electronic state described in terms of localized orbitals. Karplus & Bersohn (108) present more detailed valence bond calculations of these processes, in which they con clude that for a methane molecule excited to the first singlet excited state 1 F2 the dissociation into ground state CH3 and H should be energetically favored over formation of CH2 and H2• It has been pointed out (109), however, that it is unlikely that the 1 F2 state of methane dissociates to form a ground state eRa radical, although dissociation to form the radical in an excited state is a possibility. Lindholm (110, 111) , on the other hand, assumes that when a bonding a electron has been excited to a*, dissociation will cause both electrons to go to the same fragment. Therefore, he reasons that in the dissociation into CH2 + H2, two neutral fragments can be formed, but that the breaking of a single C-H bond can only proceed if an ion pair is formed, so that at low energies, only the dissociation to form CH2 + H2 can occur. Thus, in both experimental and theoretical studies there is still considerable uncertainty about the relative importance of the two primary processes in methane.
For ethane, in particular, optical (16-18) and electron impact (19) spectra have now been shown to have vibrational and rotational structure; it has been estimated (18) from such optical spectra that the lifetime of the first excited state of C2D6 is about 10-11 sec, while that of C2H6 is about an order of magnitude smaller.
The photochemical decomposition of ethane has been reinvestigated (112) over the wavelength region 147.0 to 104.8 nm. Because of the extensive sec ondary decomposition of the intermediates at the higher photon energies, only Annu. Rev. Phys. Chem. 1971.22:85-107. Downloaded from www.annualreviews.org by University of California -Irvine on 11/15/11. For personal use only.
approximate conclusions could be drawn concerning the relative importances of the primary processes:
29.
30.
31.
32.
At pressures up to 1 atm all of the C2Hs radicals (process 31) dissociate and a considerable fraction of the C2H4 molecules (process 29) dissociate. The sim ple C-C and C-H cleavage processes 31 and 32 increase in importance over the rearrangement processes 29 and 30 as the photon energy is raised. A similar conclusion has been reached in the photolysis of higher alkanes and has been ascribed to the decrease in the lifetime of the electronically excited molecule with increase in photon energy (2) . In the xenon-sensitized photolysis, process 31 may be slightly more important than the molecular elimination processes (113) , as compared to the direct photolysis with the xenon resonance lines. Modes of decomposition of organic molecules excited to states above their ionization energies (superexcited molecules) are the same as those observed at excitation energies below the ionization energy although, as mentioned above, direct bond cleavage processes are generally more important than at lower energies (4, 114) . This is confirmed by recent studies on C-C3H6 (115), 1,3-C4H6 (116), 1,2-C4Hs (116), i-C4Hs (117), c-CSH10 (118), C-CSH12 (119), and CH3COCH(CH3h (120) . In some of these studies, products originating from ionic reactions could be clearly separated from those resulting from neutral excited molecule decomposition.
The importance of simple C-C and C-H cleavage processes has also been examined in the photolysis of cyclopropane (115, 121) . On the basis of the fact that at 123.6 nm cJ>(CH3) is independent of the amount of H 2 S (when H 2 Sjc-C3Hs > 1.0) it was concluded (115) that C-C3HS undergoes C-C rupture followed by rearrangement and decomposition of the resulting trimethylene in the following manner:
In view of the high energy content of (CH2h* its lifetime, as well as that of CH3CHCH 2 *, is very short, and propylene is only seen as a major product in the solid phase photolysis. A similar mechanism was proposed to account for the products in the photolysis of methylcyclopropane (122) . Although the trimethylene intermediate conceivably also accounts for the formation of CH2 in the photolysis of cyclopropanc, it has been suggested that CHz is split out without going through ring opening (121) . The formation of cis-and trans-2-butene in the photolysis of cis-and trans-l,2-dimethylcyclopropane, respec tively, has been invoked (121) as evidence for a concerted mechanism in cyclopropane. In the latter study a convincing case is made for the formation Annu. Rev. Phys. Chem. 1971.22:85-107. Downloaded from www.annualreviews.org by University of California -Irvine on 11/15/11. For personal use only.
of CR2(1 AI) in the primary decomposition of propane and cyclopropane. Al though CR2(3.E9 -) is also shown to be present, it is apparently formed as a collision between the singlet methylene and the hydrocarbon molecule (121) . The liquid phase photolytic decomposition of a few higher alkanes has been explored (97, 123, 124) . A significant study (97) is the one on n-pentane and 2,2,4-trimethylpentane at 147.0 nm. By using l 4 CR3 radicals from l 4 CR31 to sample the radicals formed in the fragmentation of the alkane molecules, quan tum yields of all primary dissociative processes were obtained. The quantum yield of decomposition was within experimental error equal to unity and the modes of decomposition are the same as those which might be expected to occur in the gas phase. Cyclohexane, which is the only organic molecule of which both the gas (119, 125) and liquid (123, 124) phase photolysis has been studied, exhibits the same major primary process at 147.0 nm: 34.
in both phases. There are, however, several minor processes which occur in the gas phase but not in the liquid phase. The differences between gas and liquid phase photolysis seem more pronounced at 123.6 nm than at 147.0 nm. Dis sipation of some of the excitation energy before decomposition in the liquid phase may account for this, Unsaturated hydrocarbons absorb at longer wavelengths than do saturated hydrocarbons, and it is therefore not surprising that the gas phase, as well as the liquid phase, photolysis has been extensively investigated in the wavelength region 170 to 200 nm, where quartz can be used as a window material. Butenes (126, 127) , benzene (128) , and the xylenes (129) have thus been investigated in some detail. In all cases there are pronounced effects of pressure on the primary quantum yields. In this wavelength region decomposition of the internally excited fragments formed in the primary cleavage is less important than at the shorter wavelengths. For instance, while in the gas phase photolysis of i-C4Ha at 184.9 nm (6.7 eV) the main primary processes have been estab lished as (126) :
--? CH2C(CH3)CH2 + H at higher photon energies (8.4 to H.8 eV) only the overall process:
36.
37.
can be identified (I 15), where the C3H4 species is most likely formed by decom position of the internally excited radicals produced in processes 35 and 36. In the case of thc aromatics, decomposition is of minor importance and in the liquid phase internal conversion from upper electronic states to the lower excited SI state occurs (130, 131) . Most noteworthy is a study on the 147.0 and 123.6 nm photolysis of methyl silane (132) . A detailed product analysis made it possible to ascribe quantum yields to all of the primary processes in CH3SiD3• Formaldehyde has also been investigated at both wavelengths (133) . The H2 elimination process, which is known (134) to occur with a quantum yield of close to unity at 355.0 nm, also occurs in the vacuum uv region. Hydrogen atoms were produced with a quan tum yield of unity but no stable HCO radicals were observed at pressures up to 250 torr of added deactivator. Also, no emission was observed from elec tronically excited RCO at 147.0 or 123.6 nm. The lifetime of RCO, if it is indeed formed, was estimated to be less than 10-8 sec.
The photolysis of methylamine (135) has been investigated at 147.0 nm. Molecular hydrogen elimination does occur. The major primary processes, however, are N-H and C-H bond cleavages. Molecular hydrogen is also re ported to be formed in the photolysis of ketene (136) at 184.9 and 147.0 nm. The yield of molecular hydrogen relative to that of CO is seen to increase with the photon energy. The photolysis of hexafluoroacetone has been investigated (137) briefly at 147.0 nm. The quantum yield of CO and C2F6 is, within experi mental error, equal to unity, independent of pressure from 0.5 to 55 torr. It therefore appears that the only overall process is:
The authors suggest that hexafluoroacetone would be a convenient vacuum uv chemical actinometer because CO, which is the only product noncondens able at liquid nitrogen temperature, is formed with a quantum yield of unity. Thus, it would have advantages over the commonly used actinometers, N20 and CO 2 , for which the noncondensable fraction consists of two products. Note, however, that the onset of absorption for hexafluoroacetone occurs at much longer wavelengths than for CO2 and N20. Therefore, rare gas resonance lamps used in CF3COCF3 actinometry measurements must be of chromatic purity over a wide wavelength range. Kirk & Tschuikow-Roux (138) found that F atoms are a major species in the photolysis of vinyl fluoride at 147.0 nm and suggested that these are formed in the primary decomposition of an electronically excited state in which the C-F bond is the weakest point in the molecule.
Energy transfer.-In the gas phase, energy transfer from a polyatomic mole cule excited by absorption of far uv radiation to another species is rare in view of the short dissociative lifetime of the excited molecule at these energies. Ex ceptions are some of the highly unsaturated hydrocarbons. In the liquid phase, however, transfer of electronic energy involving saturated hydrocarbons has been established by endproduct analysis and spectroscopic methods. Holroyd (124) and Yang et al (123) have shown that addition of benzene or N20 to liquid cyclohexane irradiated at 147.0 nm lowers the yield of H2 fo rmed in the primary process:
39.
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In the solutions containing N20 a corresponding increase of N2 was noted. This observation was accounted for by the energy transfer mechanism:
40.
From these measurements the dissociative lifetime of C6H12* in the liquid phase was estimated to be 10 -9 sec.
In the gas phase, however, no evidence for energy transfer from cyclohexane to N20 or CeRe was observed at 147.0 nm (139) . Under the assumption that energy transfer will occur on every collision, a lifetime of less than 1.5 x 10-10 sec was estimated for the excited cyclohexane molecule. A shorter dissociative lifetime of the electronically excited molecule in the gas phase as compared to the liquid phase is also indicated (95) by the lack of any fluorescence emission from gaseous saturated hydrocarbons at 147.0 nm. Holroyd (124) has shown that in the liquid phase other alkanes such as cyclopentane and n-hexane were much less efficient in transferring their elec tronic excitation energy to N20 than was cyclohexane. These two compounds also exhibit (96) Reflection of low energy electrons on a thin cyclohexane film revealed (141) the existence of excited states at 3.9 and 4.8 eV, which were tentatively attrib uted to C-C and C-H electrons, respectively, excited to triplet states. Inde pendent confirmation of the existence of these low-lying states seems desirable. Although in the gas phase no energy transfer processes have as yet been observed in the far uv photolysis of saturated hydrocarbons, Takita et al (142) have obtained evidence for transfer of energy from C2H2, excited by absorption of 147.0 nm radiation, to CH4• It is estimated that the energy transfer reaction:
is 10 2 times slower than the competing mechanism:
42.
In another study (143) on acetylene, the authors concluded that rare gases as well as nitrogen added to acetylene at pressures up to 800 torr did not cause any appreciable deactivation of the excited acetylene molecule.
VACUUM ULTRAVIOLET RADIATION AS A TOOL
There has been a spectacular increase during the last 5 years of the number of studies in which vacuum uv radiation is used to produce or detect reactive intermediates (neutral or ionic) and to study the reactions thereof. Although for most of these studies information concerning the primary photochemical decomposition processes is incidental, they nevertheless provide valuable in sights into such processes.
REACTION KINETICS
Atomic and free radical reactions.-Numerous kinetic absorption spec troscopic studies in the vacuum uv have appeared, mostly on deactivation and reaction of atoms which are in an electronically excited state. An excellent detailed review covering the literature up to 1970 has been published (144) . Some of the more recent extensive absorption spectroscopic studies include the determination of the rate constants for the reaction or deactivation of: 1. C(lS), C(lD), and C( 3 P) atoms produced in the vacuum uv photolysis of Ca02 (68); 2. CH2 (triplet) and CH2 (singlet) produced by vacuum uv flash photolysis of ketene and diazomethane (l05); and 3. S(3 ID2)' S(3 ISo), and S(3PJ) formed by photolysis of CS2 or OCS (145, 146) . Monitoring the light emitted by species formed upon far uv irradiation of inorganic molecules has also provided valuable kinetic information. For ex ample, the reaction:
has been studied extensively (48, 147, 148) by photolyzing O2 and CO2 and following the emission of the reactant 0(1 D) or the product 02(11J9 +). Quench ing by various gases of the 02(11Jg + ) formed in reaction 43 has also been investigated (149) (150) (151) (152) Resonance fluorescence of atoms in the vacuum uv has also been used as a powerful analytical tool in the study of atom reactions. The first study by Braun & Lenzi (155) using Lyman a fluorescence radiation as a means of measuring H-atom concentration in the flash photolysis of CZH4 has now been succeeded by several oth�r studies on H (156), Cl (157) , and 0 (158-160) atom reactions. Lyman IX absorption spectroscopy has also been successfully employed to study the reactions of H atoms in a pulse radiolysis study (161) which yielded within experimental error the same rate constant for reaction:
as obtained in the flash photolysis of C2H'l (155, 156) .
Ion-molecule reactions.-Reactions of ions produced by photoionization in the vacuum uv have also been the subject of intensive studies. The main advantage of using photon impact to produce ions for such studies is that it provides a better energy resolution than does electron impact. As a result ions can often be produced in selected vibrational states or with known vibrational distributions. Studies on the reactions of Hz + and NH3 + produced by photo ionization of H2 and NH3 in a mass spectrometer over a range of photon energies have provided valuable information on the effect of internal energy on ion-molecule reaction rates (162, 163) . Monochromatic photon sources have also been used to advantage in determining the rates of reaction of various parent ions in the presence or absence of added foreign compounds (164) (165) (166) (167) . By selectively photoionizing one component in a mixture of two or more components, mechanisms and rates of reaction between the ion and the other molecules can often be unambiguously determined (168, 169) . For instance (170) , irradiation of alkane-NO mixtures at 123.6 nm yields predominantly NO + ions which react with the alkane molecule (RH) as follows:
Reactions of NO+ and, N02-with H20 have been studied (171-172) in a similar manner. On the other hand, by using 106.7 nm radiation alkanes can be ionized in the presence of other molecules, such as H20. The proton transfer reaction:
46.
has been studied in this manner (173) . The studies mentioned above were carried out using mass analysis of the reactant or product ions, or both; another approach to the investigation of ion-molecule reactions involves forming the ions by photon absorption in a closed system and chemically analyzing the reaction products. The use of closed systems permits the use of pressures well above the range normally accessible to a mass spectrometer ion source. Much of the work utilizing this approach has been reviewed (4, 174) . In a few recent studies it has specifically Annu. Rev 
MATIUX ISOLATION STUDIES
Vacuum ultraviolet radiation has been used most profitably during the last few years in the irradiation of fr ozen matrices to produce a large variety of free radicals and, recently, negative and positive ions also. The vast majority of these studies were carried out by Milligan & Jacox, who recently reviewed (177) the valuable structural information which can be obtained by spectro scopic obs(:rvation of the trapped radicals. Some of the species which have been produced by vacuum uv radiation include : C2 -, C2, and HCC (from C2H2) (178), C3 (from C3H4) (177), CF and HCF (from CH3F) (179), CCI and HCCI (from CH3CO (180), HCCI2 (from HCCI3) (l81), SiH3 (from SiH4) (182), GeCI3 (from HGeCl3 and GeCI4) (183) , CIHCI-(from HCI in the presence of K or Cs atoms) (184) , and cis-and trans-HOCO (from H20 in CO matrix) (185).
As correctly pointed out by Milligan & Jacox (177) , matrix isolation studies have so fa r provided little information concerning primary photo chemical processes. Cage recombination of free radicals fo rmed in the primary process may prevent the detection or quantitative determination of these radicals, or both. More important, secondary effects which tend to obliterate information concerning primary fragmentation play an important role in dilute matrices. For instance, the observation (186) of CH in the vacuum uv photol ysis of CH4 does not imply that this radical is formed in the primary process. Actually, it may safely be assumed that it is not. Secondary photolysis of a trapped radical, such as CR3 or CR2, is a more likely source of CR. Any internally excited CH3 and CH2 fo rmed in the primary process 27 or 28 may indeed be expected to be deactivated quickly in the matrix. Qualitative infor mation concerning primary processes can, however, be obtained by observing variations in relative intensities of trapped species as a function of wavelength. This is illustrated in a recent study (187) on HCCI3, where CCl3 was the prin cipal radical at 121.6 nm while HCCl2 was the only radical seen at 106.7 nm, indicating H-C and C-Cl rupture, respectively. The ions CCI3 + and HCCI2 + , apparently formed by secondary photolysis of CCl3 and HCCl2 radicals, were also observed.
THERMODYNAMIC INFORMATION DERIVED FROM FAR UL TRAVIOLET STUDIES
Heats of formation of radicals, stable molecules, and ions, as well as bond dissociation energies, are increasingly determined by using far uv radiation as an energy source. Heats of formation of ions based on photo ionization mass Annu. Rev. Phys. Chem. 1971.22:85-107. Downloaded from www.annualreviews.org by University of California -Irvine on 11/15/11. For personal use only.
spectrometry and photoelectron spectroscopy have in many instances super seded those determined by electron impact.
A compilation of determinations of appearance potentials and heats of formation of ions made between 1955 and June 1966 recently appeared (188). Useful though this compilation is, it is already out of date-indeed, was so at the time of its appearance in June 1969-due largely to the recent fast develop ment of photoelectron spectroscopy (28, 29) and improved resolution obtained with photoionization mass spectrometers. Recently, appearance potential measurements have been carried out at ion source temperatures below room temperature in order to minimize the contribution of thermally excited mole cules to the ionization processes and to obtain ionization onsets which can be unambiguously ascribed to the onset of ionization from the zeroth vibrational level of the molecule. Recent illustrations of this include the determination of the photoionization threshold of Br 2 (189) and CIF (190) , and the dissociative ionization of F2 (191) .
Notwithstanding the improvements in appearance potential determinations, there are still notable discrepancies, of the order of 0.2 eV, between determina tions of bond strengths made in different laboratories. For example, values of 1.34 ± 0.03 eV (191) and 1.58 ± om eV (192) have been obtained for Do(F2) Discrepancies of the same order of magnitude exist in values derived for the heats of formation of neutral species such as CN (193, 194) . There is, however, every indication that discrepancies of this order of magnitude will be resolved in the near future, because of increased energy resolution and better under standing of the contribution of thermally excited molecules to the ionization process in the threshold region.
As demonstrated by Okabe and colleagues, determination of the minimum energy required to excite a neutral fragment formed in the primary dissociation also provides valuable thermodynamic information (85, 88, 89, 195) .
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